To understand how two structurally analogous ligand-receptor systems, the nociceptin/opioid receptor-like 1 (ORL1) and dynorphin A/-opioid receptor 1 (KOR1) systems, achieve selectivity, receptor chimeras were generated and analyzed. Replacing discrete domains located between the N-terminus and top of the third transmembrane helix of the KOR1 by the homologous domains of the ORL1 receptor yields hybrid receptors, which, in comparison with the parent KOR1, display up to 300-fold increased affinity but low sensitivity toward nociceptin, and unaltered (high) affinity and sensitivity toward dynorphin A. These substitutions contribute elements for binding of nociceptin but do not suppress determinants necessary for binding and potency of dynorphin A. More importantly, further replacement in these chimeras of the second extracellular loop with that of the ORL1 receptor fully restores responsiveness to nociceptin without impairing responsiveness to dynorphin A. A bifunctional hybrid receptor has thus been identified that binds and responds to both nociceptin and dynorphin A as efficiently as the ORL1 receptor does to nociceptin and the KOR1 to dynorphin A. Together, these results suggest that distinct peptide activation mechanisms operate in the two receptor systems. In particular, the second extracellular receptor loop appears to be an absolute requirement for activation of the ORL1 receptor by nociceptin, but not for activation of the KOR1 by dynorphin A.
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The heptadecapeptide nociceptin (Meunier et al., 1995) , also known as orphanin FQ (Reinscheid et al., 1995) , was recently identified as the endogenous ligand of the orphan opioid receptor-like 1 (ORL1) receptor, a G protein-coupled receptor that shares high sequence identity with opioid receptors (Mollereau et al., 1994) . Nociceptin itself resembles opioid peptides, particularly dynorphin A, which is also a heptadecapeptide and the presumed endogenous ligand of the -opioid receptor 1 (KOR1). However, the structural similarity of both peptides and receptors is not entirely reflected pharmacologically. In common with opioids, nociceptin induces spinal analgesia (Xu et al., 1996) , impairs locomotion (Devine et al., 1996a) , suppresses spatial learning (Sandin et al., 1997) , and stimulates food intake (Pomonis et al., 1996) . Unlike opioids, however, nociceptin is motivationally neutral (Devine et al., 1996b) , and most remarkably, is endowed with supraspinal pronociceptive/antiopioid properties (Meunier et al., 1995; Reinscheid et al., 1995; Mogil et al., 1996a,b) . Nociceptin is also active at the periphery to relax smooth muscle (Champion and Kadowitz, 1997) and suppress natriuresis and stimulate diuresis (Kapusta et al., 1997) . The broad pharmacological spectrum of nociceptin implies a variety of potential therapeutic applications.
The mechanism by which nociceptin binds and activates the ORL1 receptor is important for the identification of novel lead compounds, most desirably nonpeptidic ligands. Based upon the structural analogy of nociceptin and dynorphin A and the homology of the ORL1 and KOR1 receptors, it was originally argued that the two neuropeptides must have very similar functional architectures, and hence employ equivalent receptor pathways for signal transduction (Meunier et al., 1995) . However, studies of the structure-activity relationships of nociceptin using truncated peptides (Dooley and Houghten, 1996; Reinscheid et al., 1996; Butour et al., 1997) and/or hybrids of nociceptin and dynorphin A (Lapalu et al., 1997; Reinscheid et al., 1998) , together with the identification in a combinatorial library of highly potent, basic hexapeptide agonists of the ORL1 receptor (Dooley et al., 1997) , have provided evidence that the biologically active ("message") domains of nociceptin and dynorphin A are lo-C. Mollereau and L. Moulédous contributed equally to this work and thus should be regarded as joint first authors. This work was supported by the Association pour la Recherche sur le Cancer (ARC, Grants 1048 and 9428), the Ministère de l'Education Nationale, de la Recherche et de la Technologie (MENRT, Grant ACC-SV5 9505099), and the European Commission (Biomed 2 program, Grant BMH4 CT97 2317). cated in different regions. Likewise, the ORL1 and KOR1 receptors do not seem to bind nociceptin and dynorphin A, respectively, at a topologically equivalent site, because we recently identified a chimeric receptor, O-K (ORL1[1-133]-KOR1 , human receptor numbering, hereafter designated O[Nt-e1]-K), which, unlike the two parent receptors, binds both nociceptin and dynorphin A with high affinity (Lapalu et al., 1998) . This chimeric receptor was however not a genuinely bifunctional receptor, because although it was as responsive (in terms of ability of the peptide to inhibit adenylyl cyclase) to dynorphin A as the KOR1 receptor, it was much less so (ϳ200-fold) to nociceptin in comparison with the ORL1 receptor. In the present study, we have sought, again using the same hybrid receptor approach, to delineate more precisely the domains of the ORL1 receptor that are required for high affinity binding of nociceptin, and to identify those that would confer the O[Nt-e1]-K hybrid receptor full responsiveness to nociceptin. Most significantly, we found that replacing the second extracellular (e2) loop of the KOR1 with that of the ORL1 receptor in the O[Nt-e1]-K chimera yields a hybrid receptor, O[Nt-e1,e2]-K, that is fully responsive to dynorphin A and nociceptin, and hence truly bifunctional. We conclude that the e2 loop of the ORL1 receptor is essential for activation of the receptor by nociceptin, whereas in marked contrast, the e2 loop of the KOR1 is not an absolute requirement for activation by dynorphin A. In other words, notwithstanding the inherent structural similarities of the ligandreceptor systems, the two neuropeptides appear to use distinct receptor activation pathways for signal transduction.
Materials and Methods
Construction of Hybrid Receptor cDNAs. The hybrid receptor cDNAs were constructed in pRC/CMV (Invitrogen, San Diego, CA) or pEFIN (Euroscreen, Brussels, Belgium) eucaryotic expression vectors at existing or created restriction sites in the human ORL1 and KOR1 (a gift of Dr. B. Kieffer, Illkirch, France) receptor cDNAs (see Fig. 1 ). When unique sites were present in both cDNAs (for example MseI and AflIII), digestion and fragment exchange were carried out directly. Otherwise, a BstEII restriction site was introduced in the Bluescript SK ϩ KOR1 construct by mutagenesis with mutated oligonucleotides using the ExSite PCR mutagenesis kit (Stratagene, La Jolla, CA) and Vent polymerase (New England Biolabs, Beverly, MA). Exchange of the e2 loop of the KOR1 for that of the ORL1 receptor was accomplished by ligating a synthetic 79-mer doublestranded oligonucleotide encoding the ORL1-(192-215) amino acid sequence into the BanI and BglII sites of KOR receptor cDNA. To facilitate screening of the clones, a silent mutation creating a BsmI site was also introduced in the oligomer. Sequences of recombinant cDNAs were checked before transfection. To simplify, the chimeric receptor nomenclature emphasized, in brackets, those KOR1 (K) domains (Nt: N-terminal, tm: transmembrane, e: extracellular) that were exchanged for the corresponding ORL1 receptor (O) domains, and vice versa. For instance, O[Nt]-K denotes a KOR1 in which the N-terminal domain has been replaced by that of the ORL1 receptor. Eleven hybrid receptors were thus engineered, as depicted in Fig. 1 :
Expression in Cell Lines. Chinese hamster ovary (CHO)-K1 cells were transfected with recombinant vectors by the calcium phosphate precipitation method (Chen and Okayama, 1987) , and grown in Ham's F-12 medium (Gibco BRL, Gaithersburg, MD) containing G418 (400 g/ml; Gibco BRL) for selection, as previously described (Mollereau et al., 1994) . Screening of the clones was based on the ability of nociceptin or dynorphin A to inhibit forskolin-induced accumulation of cAMP. For membrane preparations, cells were harvested, frozen at Ϫ70°C for a minimum of 1 h, and homogeneized in 50 mM Tris-HCl, pH 7.4, in a Potter Elvehjem tissue grinder. The nuclear pellet was discarded by centrifugation at 1,000g and the membrane fraction was collected upon centrifugation at 100,000g. Binding Experiments. After 1 h at 37°C, the cells were rinsed with 400 l of HEPES-buffered KrebsRinger saline (KRH: 124 mM NaCl, 5 mM KCl, 1.25 mM MgSO 4 , 1.5 mM CaCl 2 , 1.25 mM KH 2 PO 4 , 25 mM HEPES, 8 mM glucose, and 0.5 mg/ml BSA, pH 7.4), and 180 l of fresh KRH was added to each tube. Intracellular accumulation of cAMP was initiated by the addition of 20 l of KRH containing 100 M forskolin (Sigma Chemical Co., St. Louis, MO), 1 mM 3-isobutyl-1-methylxanthine (Sigma), 1 mM Ro20-1724 (BIOMOL Res. Labs., Plymouth Meeting, PA) and the ligand(s) to be tested at the desired concentration. After exactly 10 min at 37°C, the reaction was stopped by addition of 20 l HCl 2.2 N and rapid mixing (Vortex). The [ 3 H]cAMP content of each tube was determined by selective batch elution on acidic alumina columns, essentially as described by Alvarez and Daniels (1992) .
Data Analysis. Data were fitted to a sigmoidal dose-response curve with variable slope using the Prism program (GraphPad Software, San Diego, CA). Fitting of equilibrium binding inhibition data always yielded slope factors near unity, indicative of a homogenous population of binding sites in the membrane preparations examined. IC 50 values were thus converted to K i values using the Cheng and Prussof (1973) 
, where [L] and K d are the concentration and dissociation constant of the radioligand, respectively. played mixed properties: it binds the ORL1 and KOR1 receptors with high affinity (K i : 0.5 and 3.4 nM, respectively) but is considerably (ϳ1000-fold) more potent at the ORL1 than at the KOR1 receptor (K i : 0.5 versus 0.1 nM; ED 50 : 1.2 versus 900 nM).
Involvement of Exofacial Loop 2 in Nociceptin Receptor
Multiple ORL1 Receptor Domains Are Required for Nociceptin Binding. Based on our previous identification of an ORL1-KOR1 receptor chimera (O[Nt-e1]-K; see Introduction) that showed high affinity for both nociceptin and dynorphin A (Lapalu et al., 1998) , we first sought to structurally delineate more precisely which ORL1 receptor domains in the O[Nt-e1]-K chimera are responsible for binding of nociceptin. Table 1 e2 Loop of ORL1 Receptor Is Required for Nociceptin Activity. To identify ORL1 receptor domains conferring high affinity and biological potency to nociceptin, a second series of chimeric receptors was constructed. These hybrids, still largely based on the KOR1 receptor, all additionally comprised the second exofacial loop of the ORL1 receptor. . Again, although these chimeras contained the ORL1 receptor e2 loop, no impairment of affinity and sensitivity toward dynorphin A was observed, in comparison with the KOR1 receptor (K i s in the range of 0.1-0.7 nM versus 0.1 nM; EC 50 s in the range of 0.4-0.8 nM versus 0.4 nM). Thus, the O[Nt-e1,e2]-K chimera corresponding to the KOR1 receptor whose N-terminal, tm1, i1, tm2, and e2 domains were replaced by the homologous domains of the ORL1 receptor ( Fig. 2A) behaved as a genuinely bifunctional receptor: it displayed an affinity and reactivity toward nociceptin comparable with those of the ORL1 receptor (K i s: 0.5-0.6 versus 0.1 nM; ED 50 s: 0.5 versus 0.8 nM) and, it displayed an affinity and reactivity toward dynorphin A comparable with those of the KOR1 receptor (K i s: 0.5-0.7 versus 0.1 nM; ED 50 s: 0.4 versus 0.4 nM) (Fig. 2B ). Here again, it was apparent that no one individual substitution was sufficient to restore "wild-type" affinity and/or potency to nociceptin. Several ORL1 domains, particularly the extracellular elements (Nt, e1, and e2), appeared to act synergistically to allow for peptide recognition and activation.
Discussion
The aim of this study was to understand how two structurally homologous ligand-receptor systems, the nociceptin/ ORL1 and dynorphin A/KOR1 receptor systems, achieve selectivity. Toward this end, we used receptor chimeras consisting of the KOR1 receptor in which selected domains were exchanged for the corresponding domains of the ORL1 receptor. We find that replacing discrete domains in the N-terminal third (between the N-terminus and top of the third transmembrane helix) of the KOR1 receptor by homologous domains of the ORL1 receptor yields chimeric recep-
]-, and O[Nt-e1]-K) which, in comparison with the parent KOR1 receptor, display substantially increased (up to 300-fold) affinity for but not sensitivity to nociceptin. The chimeras however retain "wildtype" affinity for and sensitivity to dynorphin A. Thus, these substitutions each contribute determinants for high-affinity binding but not biological potency of nociceptin, while not suppressing important determinants for high-affinity binding and potency of dynorphin A. These results provide firm evidence that the two peptides have distinct receptor requirements for coupling binding with activation.
The most important finding is that the e2 loop appears to be a major determinant of nociceptin activity at the ORL1 receptor but not of dynorphin A activity at the KOR1 recep- (Alla et al., 1996) , chemokine CCR5 (Samson et al., 1997) , and acetylcholine M2 (Elies et al., 1998) receptors. More surprising, however, is the finding that a pair of structurally similar ligands, nociceptin and dynorphin A, appear to bind and activate two structurally homologous receptors, the ORL1 and KOR1 receptors, by distinct mechanisms.
The different structural requirements for nociceptin and dynorphin A may be inferred from the present data and what is already known of the functional architectures of the two peptides and of opioid receptors. Dynorphin A has been shown to comprise two distinct domains, a N-terminal opioid "message" domain, Y 1 GGF, responsible for biological activity, and a positively charged, "address" domain, L 5 RRIRPKLK, responsible for enhanced potency (Chavkin and Goldstein, 1981) . Dynorphin A is thought to bind the KOR1 receptor at two subsites: the hydrophobic opiate binding pocket proper, located within the bundle of transmembrane helices (Befort et al., 1996) , which accommodates the "message" domain, and the acidic e2 loop that binds the "address" domain of the peptide. There is, however, some controversy as to the type and specificity of interactions between the "address" and e2.
Replacing as many as the 11 C-terminal amino acid residues of dynorphin A by those of nociceptin yields a hybrid peptide that is as potent as dynorphin A at the KOR1 receptor (Lapalu et al., 1997) , indicating that a specific dynorphin A sequence following the Y 1 GGFLR sequence is not mandatory for biological activity, as previously emphasized by Mansour et al. (1995) . Likewise, although several reports have shown the e2 loop of the KOR1 receptor to contribute elevated affinity and activity of dynorphin A (Wang et al., 1994; Xue et al., 1994) , our data suggest that this contribution is of minimal importance, because exchanging this loop for that of the ORL1 receptor, as in the O[e1,e2]-, O[tm1-e1,e2]-, and O[Nt, e1,e2]-K chimeras, affects neither the affinity nor the biological activity of the peptide. Paterlini et al. (1997) recently modeled binding of dynorphin A-(1-10) to the KOR1 receptor, showing in particular that recognition of the peptide may occur, in part, through classical hydrophobic amphipatic helix-amphipatic helix interactions, rather than ion-pairing, between residues 4 to 10 of dynorphin and the receptor e2 loop. The KOR1 receptor extracellular domain (Nt domain, and e1, e2, and e3 loops) may in fact contribute a selective rather than instructive function in terms of ligand recognition, allowing access of -selective but not of -and ␦-selective ligands to the opiate binding pocket, as proposed by Metzger and Ferguson (1995) . This hypothesis can explain why the O[Nt-e1]-K chimera, which contains the Nt and e1 domains of the ORL1 receptor and the e2 and e3 loops of the KOR1 receptor, behaves as a "universal" opioid receptor, binding and responding to opioid ligands that are normally See legend to Table 1 for details.
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rejected by the parent ORL1 and KOR1 receptors (Lapalu et al., 1998) . It may also explain why [Tyr 1 ]nociceptin, unlike nociceptin, displays nearly "wild-type" (ORL1) affinity and potency at the O[Nt-e1]-K hybrid receptor, which contains the KOR1 instead of the ORL1 receptor e2 loop. Because [Tyr 1 ]nociceptin contains the YGGF "message", it may then bind and activate by interacting with the opiate binding pocket present in the chimera, thus behaving more like an opioid than an analog of nociceptin. This is consistent with the presence of a histidine residue in TM6 both in the chimera (280), and the -(299), ␦-(278), and -(291) opioid receptor types with which the phenolic hydroxyl of Tyr 1 may interact (Pogozheva et al., 1998) . The equivalent residue in the ORL1 receptor is a glutamine whose replacement by His has been previously shown to confer the ORL1 receptor with improved opioid binding characteristics (Mollereau et al., 1996a) .
The binding and biological properties of truncated (Dooley and Houghten, 1996; Reinscheid et al., 1996; Butour et al., 1997) and hybrid (Lapalu et al., 1997; Reinscheid et al., 1998) peptides indicate that nociceptin, unlike dynorphin A, owes its biological activity to its positively charged domain (G 6 ARKSARK) rather than its N-terminal hydrophobic tetrapeptide. This hypothesis has received considerable support from the identification, in a combinatorial library, of highly basic hexapeptides (Ac-RYY(R, K)(W, I)(R, K)-NH 2, , which bind and activate the ORL1 receptor at nanomolar or lower concentrations (Dooley et al., 1997) . It is therefore tempting to suggest that nociceptin stabilizes an active conformation of the ORL1 receptor primarily through specific interactions between the positively charged peptide core and the acidic e2 loop of the receptor. On the other hand, dynorphin A might stabilize an active conformation of the KOR1 receptor primarily through interactions of the hydrophobic N-terminal tetrapeptide and the transmembrane opiate binding pocket. The N-terminal FGGF sequence of nociceptin, which is also important for biological activity (Dooley and Houghten, 1996; Reinscheid et al., 1996; Butour et al., 1997) , and the opioid "message" YGGF sequence of dynorphin A are clearly very similar, and in all likelihood, the ORL1 receptor contains a binding pocket that resembles the opioid binding pocket of opioid receptors, as evidenced by the findings that the ORL1 receptor binds and responds to certain opiates, in particular lofentanil, to inhibit adenylyl cyclase (Butour et al., 1997) , and that very few point mutations suffice to confer the ORL1 receptor with improved opioid binding properties (Meng et al., 1996; Mollereau et al., 1996a) . The N-terminal tetrapeptide of nociceptin might therefore occupy, in the ORL1 receptor, an equivalent position to that of the opioid "message" in the KOR1 receptor. We have recently modeled the binding of nociceptin-(1-13)-NH 2 , the shortest fully active analog of nociceptin (Guerrini et al., 1997) , to the ORL1 receptor (Topham et al., 1998) . The model shows that the N-terminal FGGF tetrapeptide binds in a hydrophobic region that is highly conserved across the ORL1 and opioid receptors, the equivalent of the opiate binding pocket, and that the basic Taken together, these data suggest that distinct peptidereceptor interactions are required for activation of the ORL1 and KOR1 receptors by nociceptin and dynorphin, respectively. Nociceptin would activate the ORL1 receptor primarily through interactions of its positively charged core with the receptor negatively charged e2 loop, whereas dynorphin would activate the KOR1 receptor mainly via interactions of its N-terminal hydrophobic domain (YGGF, the opioid "message" present in many opioid peptides) with the receptor hydrophobic opioid binding pocket, which is probably located within the transmembrane helix bundle. This may have important practical implications in terms of design of new ORL1 receptor ligands. In light of our findings, design of ORL1 receptor agonists should be based on the structure of the positively charged sequence of nociceptin, as opposed to the N-terminal domain, which itself may represent an interesting lead structure for the design of ORL1 receptor antagonists. More fundamentally, this also raises the question about how the two modes of receptor activation have diverged in the course of evolution, assuming that both the nociceptin and dynorphin A precursor genes and the ORL1 and KOR1 receptor genes derive from common ancestor genes (Mollereau et al., 1996b , Nothacker et al., 1996 . According to Reinscheid et al. (1998) , complete separation of the nociceptin (orphanin FQ) and opioid systems may have occurred by coordinated incorporation (in peptide and receptor) of structures that prevent activation of related but inappropriate binding sites, in very much the same way as Metzger and Ferguson (1995) had previously explained segregation between -, ␦-and -opioid receptor systems. Implicit, however, in this hypothesis is the assumption that nociceptin and opioids use similar receptor pathway for signal transduction. This, as we have shown here, is unlikely. We therefore propose that the two peptides and the two receptors have diverged primarily by coordinated inversion of their "message" and "address" domains. How this may have occurred awaits the identification and pharmacological characterization of homologous systems in lower animal species.
The present study also identified a hybrid receptor, the O[Nt-e1,e2]-K chimera, which, unlike the parent ORL1 and KOR1 receptors, can be activated both by nociceptin and dynorphin A, and hence is genuinely bifunctional. This unique two-receptors-in-one chimera should be extremely useful in the identification and differentiation by site-directed mutagenesis of the amino acid residues that are important for the activity of nociceptin and dynorphin A.
